Abstract--A vermiculite-piperidine complex was investigated by a single crystal three dimensional X-ray diffraction procedure. The complex was prepared by ion exchange of a Na.-vermiculite at pH 8. A total of 453 reflections was observed and used in the least squares refinement of the structure. The complex is monoclinic, C2/m, a = 5.346(2) A, b = 9.256(3) ~, c = 17.57(1) A, fl = 96"29(9) ~ The final R value was 0.17 using anisotropic temperature factors for the silicate atoms and isotropic temperature factors for the carbon atoms. The occupancy factors of the C atoms were considered as variable parameters. The diffraction data were of poor quality because of stacking faults. The results show that the molecules are randomly distributed over the crystallographic sites in the interlayer space and the peaks appearing in the electron density maps can be interpreted as being due to 2 piperidine molecules and two H20 molecules. The orientation of the organic molecules is ambiguous. The electron density peaks fit a model in which the molecules are vertical and their planes form a small dihedral angle, and also fit a model in which the plane of the molecules is parallel to (001). It is quite possible that both types of orientations are present.
INTRODUCTION
For more than three decades an enormous amount of work has been carried out on clay-organic complexes concerning their chemistry, the sorption mechanism of organic molecules into the layers of the clay mineral, and the reactions of such molecules with the clay surfaces. Numerous investigations using various physical techniques to elucidate the structures of these complexes have been reported. The most desirable technique and the one that would yield, under favorable conditions, an unequivocal answer to the structure of such complexes is single crystal, three-dimensional, Xray diffractometry. However, clay minerals, e.g. montmorillonite, have particle sizes too small to lend themselves to single crystal analysis. Therefore, we and others have used vermiculite single crystals to prepare such complexes and then applied X-ray diffraction analysis to these single crystals. Under the best of circumstances, vermiculite crystals display x-ray diffraction data that reflect the inherent stacking disorders within the structure. This disorder is compounded when organic molecules are introduced between the silicate layers.
We have previously reported on a structural determination for complexes containing hexamethylenedia-* This research was partially supported by Petroleum Research Fund 2413-C administered by the American Chemical Society.
t Present address: Departmento de Geologia, Universidad de Bilbao, Bilbao, Spain. 91 mine and n-hexylamine using two-dimensional X-ray diffraction data (Haase et al., 1963; Brandle, 1964) . The arrangement of the organic molecules in the interlayer space was disordered but the orientation of the chain with respect to the oxygen clay surface could be inferred. Disordered arrangements were also reported by Moll (1963) who studied the orientation of cyclic amines and by Johns and Sen Gupta (1967) who investigated alkylammonium cations in vermiculite. Threedimensional X-ray diffraction analysis of a pyridin~ vermicftlite complex was reported by Susa et al. (1967) where they found that the organic molecules were statistically distributed over the crystallographic sites and that part of the exchange positions were occupied by magnesium; water molecules were also present in the interlayer space. Kanamaru and Vand (1970) reported a X-ray analysis of the complex 6-aminohexanoi~ver-miculite and from a two-dimensional analysis found that the molecules are distributed statistically over crystallographically equivalent positions in the unit cell but were also able to reach a conclusion regarding the orientation of the molecule. We report here the three-dimensional X-ray diffraction investigation of a vermiculite-piperidine complex.
EXPERIMENTAL
Flakes of vermiculite from the Llano, Texas, locality large enough for single crystal X-ray analysis were examined under the microscope for thinness and freedom from cracks. The (001) diffraction spectra of a large number of flakes selected on this basis were then examined and any flakes exhibiting a trace of a 10 A peak were discarded. Crystals were cut to suitable size before forming the complex to allow them to recover from the distortions that are invariably introduced when cutting. We did not notice that this procedure produced better crystals than carrying out the ionexchange step first and cutting the crystals afterwards. Crystals of the proper size were placed in concentrated NaC1 solutions at 70~ for 2 days, with changes of the NaC1 solution every 12 hr. Exchange was judged complete when an 11-8 A spacing was observed in an atmosphere of 40-50 per cent r.h. The Na-vermiculite crystals were then placed in a solution ofpiperidine hydrochloride which was buffered to a pH of 8'0. This pH was chosen in order to prevent the exsolution of Mg 2 § from the silicate layer and subsequent ion exchange competition with the piperidinium ion. The system was held at 70~ for 4-5 days with changes of the soaking solution every 12 hr. After this treatment, the crystals were washed with hot. distilled water 5 or 6 times; a cold water wash produced exfoliation. After thorough desiccation the flakes were found to have a basal spacing of about 17.5 A.
About 25 flakes were selected and mounted on glass fibers and X-ray oscillation pictures were taken. The diffraction pictures were of rather poor quality and further experimentation to improve the shape of the diffraction spots by varying the preparative conditions proved to be of no avail. Three crystals judged to be best on the basis of the least distortion in the X-ray diffraction spectra were selected and zero and upper level Weissenberg photographs and precession pictures were taken. The diffraction symmetry and systematic absences indicated the diffraction symbol 2/mC which is compatible with the space groups C2, Cm and C2/m.
On the basis of the more extensive data, the best of these crystals was selected for mounting on a single crystal diffractometer. The crystal, 0.20 x 0.20 x 0.04 ram, was aligned along the b axis and about 30 reflections were selected whose 20 angles were accurately measured with the instrument set at a 1 ~ take off angle and a 0.02 ~ receiving slit in front of the counter. The measured values were then used in a least squares program to determine the lattice parameters, a = 5.346(2)A,, b = 9.256(3)A., c = 17.57(1)A, fl = 96.29(9) ~ Data were collected with nickel-filtered CuI~ radiation using a scintillation counter and with the pulse height discriminator set to accept about 80 per cent of the incident radiation. For each reciprocal lattice point the peak intensity and the background intensities on both sides of the peak were measured. There were 1034 reflections measured. Because of the poor quality of the crystal, care had to be taken to locate the intensity by maximizing the positions of the crystal and the counter for each peak. A peak was considered observed if the number of counts obtained in 20 sec was 10-20 counts greater than the number of background counts obtained in the same length of time. On this basis 453 reflections were observed. During the course of the measurements a standard reflection, (005), was checked every hour to monitor the alignment of the crystal and the constancy of the intensity of the primary beam. The intensity of the standard reflection remained constant within experimental error during the course of the data collection. The reflections were broad and strong overlapping among neighboring reflections was observed. However, the overlapping was not uniform in reciprocal space and was sufficiently small in most instances so that peak intensities could be measured. In some cases it was impossible to achieve an intensity maximization because of the severe overlap. An a splitting correction and Lorentz and polarization corrections were made to convert the intensities to structure factors.
STRUCTURE DETERMINATION AND REFINEMENT
Structure factors and phases for the complete set of data were calculated using the space group C2/m and silicate layer parameters only. The positional parameters for the atoms in the silicate layer were taken from Shirozu and Bailey (1966) and modified for space group C2/m and c = 17-5/~. The selection of space group C2/m was influenced by the result obtained by Susa et al. (1967) and by the fact that the piperidine molecule possesses mirror symmetry. Full matrix least squares refinement of the scale factor and the silicate positional parameters resulted in R = 0"36; R = Z[[Fo[ -[Fcl] /~Fo[, function minimized = 2w0Fol -IFd) 2, w = i. This value is unexpectedly large, even considering that only the silicate layer was used to calculate the structure amplitudes, and must be due to the poor quality of the data.
With the structure factors phased by the silicate atoms only, a Fourier electron density map and a difference Fourier map were computed. The interlayer region in both maps showed density distributions that were very similar. The peaks observed in the interlayer space were broad and in most instances unresolved. The electron density represented by the peaks was generally low, about le/A 3 for most and 3e/A 3 for two of them. A careful study of the interlayer region in the difference map yielded thirty peaks, representing more than 0'Se/A 3, which could be possible carbon locations. These peaks were fed into a least squares program and refinement was made on the positional parameters and occupancy factors of the atoms while holding the silicate atom parameters constant. The large number of parameters involved relative to the rather small number of observations caused many elements of the correlation matrix to be larger than 0.3. Peaks were eliminated on the basis of poor convergence of the positional parameters and/or occupancy factors, and they were eliminated if the latter became very small. Of the original 30 peaks, 19 were eliminated through successive refinements. After twelve cycles of refinement 11 peaks were considered acceptable. The R value was now 0-23 and did not change with any subsequent elimination or addition of peaks. Six cycles of refinement were then calculated using isotropic temperature coefficients for the atoms in the silicate layer and the 11 carbon atoms. Although the standard deviations were very large for the temperature coefficients of the carbon atoms, none of the coefficients became negative or so large that they were unacceptable. The R value at the end of this cycle of refinements had decreased to 0.22. A new difference Fourier synthesis was computed on the basis of the silicate structure and the eleven carbon atoms and the residual electron density in the interlayer region was now essentially zero. Six additional cycles of refinement were carried out using anisotropic temperature factors for the atoms in the silicate layer and R dropped to 0.169. Table 1 lists the final atomic parameters and temperature factors.
because of the disorder, produce peaks indicating that they form a small dihedral angle. This model leaves several peaks unaccounted for which are either spurious or represent possible additional locations of the piperidine molecules with a much lower occupancy factor. Another interpretation is possible if the assumption is made that all peaks are significant. Distorted hexagonal outlines of horizontal molecules lying nearly in the (001) plane can be obtained and because of statistical disorder each sequence of peaks represents the outline of about 1/4 of a piperidinium ion. Serratosa (1966) found by i.r. study of a pyridinemontmorillonite complex that the pyridinium ions are nearly parallel to (001). A similar situation may exist here. We conclude from this investigation that the organic molecules are statistically distributed over a large number of positions and that some may be in a vertical position and some parallel to the (001) plane. It appears that on the basis of four complexes studied by us by single crystal X-ray diffraction techniques, and from results reported by other investigators, that the statistical distribution of organic molecules is inherent in the nature of these complexes and that probably no crystallographically ordered complexes can be prepared by the usual ion exchange techniques.
DISCUSSION
No peaks were observed in the Fourier map which could be interpreted in terms of Mg 2 + in exchangeable sites; therefore, the vermiculite structure was not degraded during the several exchange steps.
Eleven carbon peaks with occupancy factors ranging from 0.12 to 0"34 were found by the least squares refinement in the asymmetric unit. In space group C2/m this result amounts to a total of 119 electrons per unit cell or about 2"5 piperidine molecules. The maximum exchange capacity of vermiculite (200m-equiv/100 g) would be satisfied by 2 piperidine molecules per unit cell: The interlayer volume of the complex under investigation is about 420A 3 and since the volume of a piperidine molecule is 165 A 3 there is an additional 90 A 3 per unit cell which could accommodate up to 4 water molecules. The 2 piperidine molecules plus 2 water molecules represent a total of 116 electrons, close enough to the value of 119 found by the analysis.
If only the peaks are considered which lie on the mirror plane or close to it, about 81 electrons per unit cell are accounted for while 2 piperidine molecules would yield a total of 96 electrons. The distribution of the peaks around the mirror plane can be interpreted in terms of 2 vertically oriented molecules which,
